This work describes the analysis of morphology and electrical resistivity ( ) obtained in the Au/Cu/Si system. The Au/Cu bilayers were deposited by thermal evaporation technique with thicknesses from 50 to 250 nm on SiO x /Si(100) substrates. The Au : Cu concentration ratio of the samples was of 25 : 75 at%. The bilayers were annealed into a vacuum oven with argon atmosphere at 660 K for one hour. The crystalline structures of AuCu and CuSi alloys were confirmed by X-ray diffraction analysis. The scanning electron microscopy (SEM), the atomic force microscopy (AFM), and the energy dispersive spectroscopy (EDS) were used to study the morphology, final thickness, and the atomic concentration of the alloys formed, respectively. The four-point probe technique was used to measure the electrical resistivity ( ) in the prepared alloys as a function of thickness. The value was measured and it was numerically compared with the Fuchs-Sondheimer (FS) and the Mayadas-Shatzkes (MS) models of resistivity. Results show values of electrical resistivity between 0.9 and 1.9 Ω-cm. These values are four times smaller than the values of the AuCu systems reported in literature.
Introduction
The rapid growth and vast exploitation of modern electronics systems create a strong demand for new and improved electronic circuits, as demonstrated by the amazing progress in the field of ultra-large-scale-integration (ULSI) technology [1] . For ULSI devices, it is crucial that the layers of silicides are very uniform and have a low resistivity and a good thermal stability [2] [3] [4] . The phase composition, the phase sequence, the morphology, and the temperatures of silicides formation during the interactions of thin metal films with silicon substrates have been massively explored, with both scientific interest and technological importance [5] . Copper is the fastest diffusing transition metal in Si and diffuses through interstitial sites [1] . On the other hand, the gold can form an appropriate barrier between copper and silicon, because it may penetrate through the silicon without reacting with it and presents a low electrical resistivity 2.35 Ω cm [6] for ohmic contacts. On the other hand the system AuCu alloy with 50 : 50% at. Au has been extensively studied, but there is little evidence regarding the 25 : 75 Au : Cu concentration.
Moreover, the AuCu alloys are widely used in the electronic industry, catalysis, dentistry, jewelry, thin films, and nanocrystal materials because these alloys exhibit excellent mechanical strength, chemical stability, and processability [7, 8] . The binary AuCu system has been extensively studied as a typical representative of the system with order-disorder transformations that occur in certain concentration areas [9] . The phase diagram of the AuCu alloy is not complex, given that it only has three crystallographic structures in ordered phases at temperature below 410 ∘ C [10] where the AuCu 3 , CuAu, and Au 3 Cu structures are formed [11] [12] [13] . It is important to mention that flexible electronics require highly ductile materials for technological applications in flexible electronics. It has been studied that thin-film AuCu alloys possess superplasticity properties on flexible substrates [14] .
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The development of these materials could have technological applications in products that can be deformed and the electronics of the product do not present any failure due to the load to which it is subjected. Some properties, such as the electrical resistivity of a metal thin film, depend of the thickness and preparation conditions. [15] [16] [17] [18] . Other works have reported that aluminum, gold, copper, and silver have shown a strong resistivity increase with decreasing film thickness, and the differences in surface roughness of those pure materials are very small [19] . However, the differences in the electron mean free path (EMFP) in aluminum, gold, copper, and silver may contribute to the different resistivity behaviors. The resistivity of ordered CuAuI thin films deposited by thermal interdiffusion has been reported with slight changes with decreasing film thickness [20] .
In this work the combined effect of the prepared AuCu alloys and silicides by thermal interdiffusion in the Au/Cu/Si systems on the morphology and the electrical resistivity of the alloys are described.
In a previous work, the study of physical and morphological properties of AuCu binary alloys was performed for the three different concentrations: 25 : 75, 50 : 50, and 75 : 25 at%. of Au : Cu alloy for a constant thickness at a temperature of 693 K [21] . However, in the diffraction pattern obtained for the 25 : 75 at% concentration, it presented the formation of composite materials (copper silences) other than the AuCu3 alloy. This is why the study is deeper for different thicknesses and at a lower temperature than the one implemented in the first job.
In the present work the diffraction pattern was evaluated at a lower temperature (653 K) according to the Au : Cu binary phase diagram for the atomic concentration of 25 : 75. For this atomic concentration the alloy formed is the AuCu3 [22] .
Experimental Procedures and Techniques
Substrates of 10 × 10 mm 2 size were cleaned with soap, rinsed with distilled water, and dried with air. The p-type silicon substrates (100) were sequential and ultrasonically cleaned with solutions of trichloroethylene, acetone, and isopropyl alcohol for five minutes for each one. Copper films (99.999% purity) were deposited on the silicon substrates by thermal evaporation into a vacuum chamber at 10 −5 Torr. Gold films (99.999% purity) were subsequently deposited on the Cu films forming a bilayer. The film thicknesses were monitored and measured with a quartz crystal sensor through a Maxtek TM-400 controller. Tungsten crucibles were used for metals evaporation. The deposition rate was maintained at 3Å/s during films deposition. The native silicon oxide layer (SiO x ) on the surface of substrate was not removed.
The samples were prepared with the Au : Cu concentration of 25 : 75 at.%. The total thickness of each bilayer changed from 50 to 250 nm. The thickness value of each layer was calculated for the selected concentration, by considering the mass density, and the molecular weight of gold and copper, respectively. The bilayer thickness values of each metallic layer of the five samples studied are shown in Table 1 .
The bilayers were annealed at 660 K for one hour into a homemade vacuum quartz oven with argon flow [23] . The control of temperature of the vacuum oven was possible by a program developed in LabView software, a HP-6643A System DC power supply, and a HP-3458A multimeter. The surface morphology of the films was analyzed by atomic force microscopy (Ambios Universal Probe) and by scanning electron microscopy (JEOL 7600F, SEM) techniques. X-ray diffraction (Siemens D-5000) technique at grazing incidence was used to verify the crystalline structure of the formed alloys. Energy dispersive spectroscopy (EDS) was used for determining the stoichiometry of the obtained alloys. The electrical resistivity of the films was measured before and after thermal treatment by the collinear fourprobe technique with a Jandel head interconnected with a HP-6443A power supply and a HP-3458A voltmeter of high resolution. Figure 1 shows the evolution in the crystalline structure of the samples before and after the annealing process. DRX reflects structural changes in the Au/Cu/Si(100) system. Figure 1 shows XRD results for the Au/Cu bilayer before and after the diffusion treatment for the alloy using grazing incidence angle. Two main peaks of the AuCu 3 alloy can be clearly observed (111) and (200) [24] . Thus, the interdiffusion between copper and gold was confirmed where an intermetallic compound was formed instead of the original bilayer before annealing. Figure 1 also shows the main peak (111) of the formed AuCu alloy and the XRD of the Au/Cu bilayer after annealing, corresponding to a stable and cubic structure.
Results and Discussions

DRX Results.
The main peaks of gold and copper are presented in the Au/Cu system of 100 nm total thickness on silicon before annealing; in this diffractogram, they do not show any trace of the other reflection lines of the substrate. After the annealing process, the samples presented the AuCu 3 and Cu 3 Si phases, as it is shown in Figure 1 , where the reaction of the substrate with the copper exists; however, there is a Journal of Nanomaterials Journal of Nanomaterials formation of a copper-gold corresponding to the deposited amount. The AuCu 3 phase obtained corresponds to the 25 : 75 at.% of the gold-copper phase diagram (see Figure 1) . These results are in agreement with the atomic concentration of the Au/Cu bilayers before the annealing treatment. After the annealing treatment, diffraction peaks corresponding to Cu 3 ⋅Si copper silicides were observed. This result reveals the polycrystalline structure resulting from the interaction between the Cu layer and the Si substrate, as a result of the thermal treatment. Some authors have reported that copper is a material with high solubility in silicon, such that its solubility at 500 ∘ C is 1.2 × 10 14 cm −3 [25] . This allows the fast diffusion of copper through interstitial sites. A solid-state reaction between Cu and Si occurs already at 200 ∘ C in order to form the orthorhombic Cu 3 Si silicide, which is stable at room temperature [26] .
Blazevic et al. [27] reported that when thermal treatments are carried out above 400 ∘ C, the formation of copper silicides for temperatures of 523 K is proliferated; that is to say, the formation of the intermetallic compound is obtained for the temperature of 653 K.
Iaiche et al. [28] reported in similar Au/Cu/Si systems a high diffusion of Cu in Si by thermal evaporation at 400 ∘ C for 30 minutes in vacuum, forming only the Cu 3 Si and Cu 4 Si phases. In the present work we proposed a longer annealing time than other works, in order to achieve the AuCu alloy formation. Some works of Cu/Si contacts [5] report that the phase Cu 3 Si started to be formed from the temperatures close to 170 ∘ C. However, with silicon substrates, the reaction begins at 125 ∘ C [29] . It is known that the formation of SiO 2 oxide layer in the Cu/Cu 3 Si/Si system at low temperature occurs at the expense of the Cu 3 Si compound [30] . Now the reported reactions are carried out at low temperatures; in our system we work at a higher temperature, so possibly the combination of the alloy formed and the time with the working temperature causes the samples to enter stress and causes a slight shift towards greater angles in the alloys. In summary, it is possible that recrystallization occurs on the surface of the material by modifying crystallographic orientations due to the coalescence or growth of some surface grains and movement of material towards preferential zones as a result of a chemical potential gradient.
Morphology.
The surface morphology of Au/Cu/Si(100) sample is shown in Figure 2(a) . Mark A on Figure 2(a) indicates the surface of sample and Figure 2(b) shows the EDS results where we can observe a certain concentration of (marks A and B). Found oxygen percentage is probably due to native oxide of silicon. In Figure 2 , the formation of an intermetallic compound is observed; it indicates the growth of well-oriented crystallites on the gray background (see mark B), which is mainly composed of silicon (28.42 at.%) provided from substrate. Thus, the growth of well-oriented crystallites on the gray background, which is mainly composed of silicon coming from substrate, has been reported [6, 28] Figure 2(d) shows the bilayer diffused and continued with an average final thickness of 97 nm. All the samples were measured with a decrease of approximately 15% of thickness. This reduction in thickness may be interacting with a rearrangement of material on the surface of the samples probably due to the combined effect of bulk and grain boundaries diffusion. Figure 3 shows the AFM images with scanning area of 3 × 3 m 2 , for the alloys obtained in tapping mode at atmospheric pressure for the five samples evaluated. The corresponding roughness value is also reported in Table 1 . Samples containing a mixture of two alloys present an increase in roughness and larger grains increased thickness on the surface are observed (see Figure 3(c) ).
The statistical grain size results analyzed from the AFM images are shown in Figure 4 . In this figure an increasing trend could be seen as the thickness increases. Statistical analysis of AFM images showed a wide range of dispersion in all samples. It is possibly due to the effects of diffusion on the grains causing various grain size distributions where an increase in the standard deviation is derived, which increases as the thickness increases. The average grain size is calculated from the digital AFM matrix of local heights, by means of the computational methods based on the identification of local minimum and saddle points of these local heights, each one defined as a surface grain contour point. From this procedure, we obtained the contour maps of the AFM images. The lateral grain size is defined as the maximum distance between the intersections of the grain's contours in the " " and " " directions [31] . Although the thickness is under the surface structures generated by diffusion effects they present larger sizes from the point of view of an area or plant size of these structures. In this case the grain size (lateral size) is not related to the crystallite size or vertical grain size. González-González et al. have conducted an exhaustive discussion of grain size types in thin metal films [32] .
The size of the error bars, in Figure 4 , is due to the dispersion found in the lateral grain size for each thickness analyzed. There are areas where the material accumulates and others where there is little concentration of material. The samples with smaller thickness have a distribution of lateral grain sizes of the order of the sample error bars with the thickness of 250 nm; this can be attributed to a diffusion effect in the grain boundaries and the diffusion in bulk, generating a large standard deviation in the size distributions of lateral grain. When the thickness increases, there is a major rearrangement or agglutination of material in certain zones generated by the types of diffusion, previously generated probably by gradients of superficial chemical potential. Figure 5 shows the values with the increase of the real thickness measured on the films surface before and after annealing. The samples were measured on surface by the collinear four-probe technique in different zones in order to show the changes on after annealing treatment. The values obtained in the initial bilayer can be considered as a mixture of the experimental measurements of copper and gold (1.67 and 2.66 Ω-cm bulk value, resp.). When film thickness decreases, of such films first increases slowly in a first place; this is the typical behavior of the electrical resistivity in thin films. After annealing, a decrement of resistivity was found in annealed samples. Zhang et al. had reported higher resistivity (7.7 Ω-cm) in CuAu I alloys in thin films, between 50 and 200 nm approximately [33] . These values tend to be constant between these thicknesses. Indeed, with decreasing film thickness, the resistivity of films before annealing changed only slightly (see Figure 5 ). By contrast, of pure copper and gold after being annealed at 350 ∘ C increased dramatically, when the film thickness is approaching the electron mean free paths 39 and 38 nm for copper and gold at room temperature, respectively [34] . The results of our study show a clear decrease in the values of resistivity. This is possibly due to the combination of the AuCu and CuSi alloys. For the behavior reported in the alloys of AuCu, these do not have ranks similar to those we have handled. However, as we increase the thickness, there is a slight increase of , which could be attributed to the fact that a large amount of material moves towards preferential areas and the diffusion of grain boundaries is more pronounced, as a result of the increasing in the thickness (see Figure 3(c) ). An inverse relationship between film thickness and electrical resistivity has been commonly demonstrated by FS surface scattering and MS grain boundary scattering models. According to the FS model [35, 36] , the electrical resistivity in thin film is given for the following equation:
Electrical Resistivity ( ).
where is the film thickness, 0 is the electron mean free path, and is the surface scattering factor. When scattering is totally diffuse (inelastic), = 0. Figure 6 shows the numerical calculations of FS model using the electrical resistivity values of copper in bulk. We decided to use the copper values in the numerical simulation and comparison with the experimental data samples prepared, because the bilayer and nanoalloys have major atomic concentration of copper and electrical resistivity. On the other side the copper film plays an important role in the formation of the two alloys found in the study presented. These values were calculated with different and compared with the experimental values measured after the annealing process. It is desirable that experimental resistivity values remain constant for a good approximation to the simulated value; however, as explained above, perhaps this is due to the movement of material generated on the surface of the samples given by the diffusion along, which increases the film thickness. Despite all of this, some agreement of the simulated data of FS model with experimental thickness values measured from the cross-sectional images acquired by SEM and implemented in the model to estimate the electrical resistivity can be observed.
Mayadas and Shatzkes (MS) showed a better characterization of the electrical resistivity than the FS model and it is included the contribution of the scattering of electrons due to the grain boundaries. They assume great importance grain size material in comparison with the film thickness as an additional cause of electron scattering [37, 38] .
The MS model describes a film representing the grain boundaries as the partially reflecting parallel planes perpendicular to the electric field and the planes are placed at a mean difference distance . For specular reflection at the sample Journal of Nanomaterials surface ( = 1), the grain boundary enhanced electrical resistivity is
where is the grain boundary reflection coefficient and is the mean grain size width. If = 1, electrons are confined to individual grains as they are reflected back at all surfaces.
Similarly to FS analysis, we show, in Figure 7 , the comparison between the simulated results of MS model using values of electrical resistivity of Cu in bulk and the grain size values obtained from AFM images. In this comparison, the grain size obtained from statistical analysis of AFM images after the annealing processes is taken into account (Figure 7) .
The experimental values compared with the FS model were considered with an approximate value of ≈ 0.9. This means that the surface is nearly nondispersive. That is, the electrons are reflected in the free surface causing that electrical resistivity to not increase. For the MS model, we used an approximate value of the parameter of 0.1. This value is less than that calculated value for thin copper films whose value proposed by other authors is = 0.24 [37, 38] . These results show that the probability that the electrons are reflected in the individual grains is less than reflected in all the surface material. These two parameters analyzed set the stage to confirm that both the surface and the grain boundaries of the material obtained allow the electron to move with less difficulty on the material and this gives results in a low value of electrical resistivity. Comparing both models, the MS model fits better to the experimental results than FS model. The contribution of scattering effect by grain boundaries is more significant than surface scattering in studied sample.
Conclusions
We have shown that, for systems of Au/Cu/Si(100), the AuCu 3 and Cu 3 Si, alloy gold-copper and copper silicides, respectively, are formed. Annealing by one hour around 390 ∘ C leads to the well-oriented growth of crystallites corresponding to Cu 3 Si silicides. The five deposited bilayers were measured before and after heat treatment; the relationship between copper and gold bilayers was 25 : 75 at.% and the thickness obtained after annealing showed a decrease of 10-15% of original deposited bilayer. Electrical resistivity in surface of the samples was measured and it presented values four times smaller than similar works of the AuCu alloy in thin films. Moreover, their behavior tends to be stable, which is consistent with working for alloys made by thermal diffusion. FS and MS models are implemented and compared with experimental measurements of electrical resistivity, where an approximation of the physical parameters and of the nanostructured alloys is estimated, and showed appreciable agreement with established models. The implemented and applied studies to any of the FS and MS models methodology allow obtaining physical parameters of the material from electrical and morphological measurements of the samples.
